In PC Cl3 cells, a continuous, fully differentiated rat thyroid cell line, P2Y 2 purinoceptor activation provoked a transient increase of [Ca 2C ] i , followed by a decreasing sustained phase. The a and b1 protein kinase C (PKC) inhibitor Gö 6976 decreased the rate of decrement to the basal [Ca 2C ] i level and increased the peak of Ca 2C entry of the P2Y 2 -provoked Ca 2C transients. These effects of Gö 6976 were not caused by an increased permeability of the plasma membrane, since the Mn 2C and Ba 2C uptake were not changed by Gö 6976. Similarly, the Na C /Ca 2C exchanger was not implicated, since the rate of decrement to the basal [Ca 2C ] i level was equally decreased in physiological and Na C -free buffers, in the presence of Gö 6976. On the contrary, the activity of the sarcoplasmic-endoplasmic reticulum Ca 2C ATPase (SERCA) 2b was profoundly affected by Gö 6976 since the drug was able to completely inhibit the stimulation of the SERCA 2b activity elicited by P2-purinergic agonists. Finally, the PKC activator phorbol myristate acetate had effects opposite to Gö 6976, in that it markedly increased the rate of decrement to the basal [Ca 2C ] i level after P2Y 2 stimulation and also increased the activity of SERCA 2b. These results suggest that SERCA 2b plays a role in regulating the sustained phase of Ca 2C transients caused by P2Y 2 stimulation.
Introduction
P2-purinergic agonists have important biological functions on several tissues, due to the wide distribution of their receptors and their ubiquitous nature, since they derive from the cytosol of damaged cells or exocytotic vesicles and/or granules contained in many types of secretory cells (Dubyak & el-Moatassim 1993) . There are two families of P2-purinergic receptors: the P2X ligand-gated ionotropic channel family and the P2Y metabotropic G-protein-coupled receptor family (Vassort 2001) . Most P2Y receptors are coupled to phospholipase Cb (PLCb) and their engagement by ligands causes phosphoinositide hydrolysis, raise of the [Ca 2C ] i and protein kinase C (PKC) activation (Vassort 2001 ). They mediate a vast variety of effects ranging from regulation of epithelial transport (Bucheimer & Linden 2004) to platelet aggregation (Hechler et al. 2005) .
The signal transmission pathway and physiological effects of P2-purinergic agonists have been studied in the thyrocyte, an epithelial cell. P2-purinergic agonists act on thyroid cells through a P2Y 2 receptor, via PLC stimulation, causing PKC activation and a Ca 2C response composed of Ca 2C store depletion, capacitative Ca 2C entry and L-type voltagedependent Ca 2C channels activation (Marsigliante et al. 2002) . The activation of this signalling cascade stimulates H 2 O 2 production (Bjorkman & Ekholm 1992) and iodide efflux (Okajima et al. 1988) , two important events in the biological function of thyroid gland, namely thyroglobulin (Tg) iodination and subsequent T3/T4 synthesis. However, we have previously shown that P2-purinergic agonists also stimulate Tg secretion, another crucial event for Tg iodination and thyroid hormone production (Di Jeso et al. 1993) . Therefore, P2 purinergic effectively stimulates many important steps of thyroid hormonogenesis. It has also been shown that even an exclusive Ca 2C response, elicited in thyroid cells by the Ca 2C ionophore A23187, is able to induce H 2 O 2 production and iodide efflux (Weiss et al. 1984 , Bjorkman & Ekholm 1988 , suggesting that the Ca 2C branch of the signalling of P2-purinergic receptor agonists plays an important role in the regulation of thyroid hormonogenesis. In addition, a Ca 2C response could have more general effects, ranging from proliferation to apoptosis (Berridge 2004) . In all cells, a Ca 2C response is ended by the contribution of several Ca 2C -extruding proteins, i.e. the Na C /Ca 2C exchanger and the sarcoplasmic-endoplasmic reticulum Ca 2C ATPase (SERCA) and plasma-membrane Ca 2C ATPase (PMCA; Lytton et al. 1991) . We have recently characterized the presence and regulation of the SERCA in thyroid (Pacifico et al. 2003 , Ulianich et al. 2004 and demonstrated that P2Y 2 receptor stimulation activates several signal transmission pathways, mainly PKCs, extracellular signalregulated kinases (ERKs) and fos (Elia et al. 2005) .
In this study, our aim has been to determine if and how the Ca 2C response elicited in thyroid cells by P2-purinergic agonists is regulated. We have focussed our attention on the activation of the PKC pathway by P2-purinergic agonists by studying if PKC modulates the dynamics of the P2-purinergic-induced Ca 2C response.
Materials and Methods
Fetal bovine serum (FBS) and glutamine were from Euroclone (Paignton, Devon, UK). Fura 2-AM, thapsigargin and pluronic F-127 were from Molecular Probes (Eugene, OR, USA). Hydrocortisone, transferrin, L-glycyl-histidyllysine and somatostatin were from ICN Biomedicals (Costa Mesa, CA, USA). Coon's modified Ham's F12 medium, BSA, Gö 6976, GF109203X and other reagents were from Sigma-Aldrich Co.
Cell culture
Several different batches of the PC Cl3 cells were used in the experiments and the cells were grown for approximately 40 passages. No difference was observed in the responsiveness of the cells to ATP and UTP during those passages. PC Cl3 rat thyroid cells were grown as previously reported (Pacifico et al. 2003 , Ulianich et al. 2004 , Elia et al. 2005 . Fresh medium with 0$5% FBS was always added 24 h prior to an experiment.
Determination of [Ca 2C ] i
The medium was aspirated and the cells were harvested with 0$05% trypsin-EDTA solution. After washing the cells three times by pelleting (100 g for 5 min), the cells (4!10 6 ) were incubated with 5 mM fura-2-AM and 0$2% pluronic F-127 for 45 min at 37 8C with continuous shaking (100 cycles/ min). Following the loading period, the cells were washed twice with a modified Krebs-Ringer buffer in which the bicarbonate was replaced by 20 mM Hepes (pH 7$4), incubated again for at least 10 min at room temperature to facilitate hydrolysis of the esterified probe and washed once again. The cells were resuspended in 2 ml of the same buffer containing 0$1% BSA and 20 ml cell suspension was added to a 2 ml fluorescence cuvette kept at 37 8C, and stirred throughout the experiment. The fluorescence intensity was measured with a JASCO FP 750 fluorimeter (Jasco Corporation, Hachioji, Tokyo, Japan). The excitation wavelengths were 340 and 380 nm and the emission was measured at 510 nm. The maximal fluorescence was determined at the end of the assay by adding 20 ml, 10% SDS and the minimal fluorescence by adding 20 ml, 0$5 M EGTA solution (pH 9$0). The cytoplasmic Ca 2C concentration at time t was calculated using the software of the fluorimeter and assuming a K d for the fura-2-Ca 2C complex of 224 nM, according to the Grynkiewicz equation (Grynkiewicz et al. 1985) 
where F denotes the time-course of the fluorescence at 510 nm after dual excitation at 340/380 nm and F 380 , the fluorescence at 510 nm after excitation at 380 nm. Ba 2C rendered fura-2 fluorescence spectra similar to Ca 2C with a distinct increase and an accompanying decrease in fluorescence intensity at excitation wavelengths near 340 and 380 nm respectively, whereas Mn 2C strongly quenched the fura-2 fluorescence at 360 nm. The results are expressed as relative fluorescence quenching with respect to the maximal quenching induced by the addition of digitonin (80 mg/ml).
Assay of Ca
2C -dependent ATPase activity of SERCAs
We previously developed a method to determine the SERCA activity (Pacifico et al. 2003) based on the use of the specific SERCAs-inhibitor thapsigargin (Lytton et al. 1992) , which is sensitive enough to be used not only on purified microsomal fractions but also on total cellular lysates. In this study, we used total cellular lysates to analyze the regulated expression of SERCA 2b in thyroid, prepared as previously reported (Ulianich et al. 2004) . ATPase activities were determined at 37 8C (Ottolenghi 1975) by measuring inorganic phosphate (Pi) production by a modification of the method of Fiske and Subbarrow (Higgins 1987 ). This method is based on the reaction between phosphate and molybdate to give the yellow molybdate phosphoric acid, which contains a molybdate, Mo (VI), which is then reduced to Mo (V) present in a bluecoloured heteropolyacid compound. This blue compound is directly measured by reading the absorbance at 700 nm. Typically, 100 mg total cell lysates were incubated in 25 mM KMOPS, 100 mM KCl, 5 mM MgCl 2 , 4 mM ATP, 0$11 mM EGTA, 107 mM CaCl 2 (pH 7$0), [Ca 2C ]free 5 mM, for 10 min at 37 8C. The free Ca 2C concentration has been calculated using the CHELATOR program (implemented in Turbo Pascal 5$5 for IBM PC; Pacifico et al. 2003) . The phosphate produced in the presence or absence of 25 nM thapsigargin was determined directly by reading the absorbance at 700 nm of a standard curve. Activity in the presence of 25 nM thapsigargin (Lytton et al. 1992 ) was subtracted. Negative controls for each experimental condition were set by boiling cell lysates for 15 min before starting the reactions in the presence and absence of 25 nM thapsigargin (the activity of the negative controls was always less than 5% of the activity of the samples). When the assay was performed on purified microsomal fractions (Pacifico et al. 2003) , the activities in the presence of EGTA and thapsigargin were comparable and inclusion in the buffer of sodium azide or p-trifluoromethoxyphenylhydrazone, potent inhibitors of mitochondrial Ca 2C uptake, did not modify the results. Reactions were linear with respect to time and protein concentrations.
Statistical analysis
Experimental points represent the meanGS.D. of three to six replicates. Statistical analysis was carried out using Student's t-test for unpaired samples and ANOVA. When indicated, post hoc tests (Bonferroni and Dunn) were also performed. A P value of !0$05 was considered to be statistically significant.
Results

Effect of PKC inhibitors on [Ca 2C ] i in PC Cl3 cells stimulated by UTP/ATP
To assess the involvement of PKC in the modulation of the ATP/UTP-induced [Ca 2C ] i transients (Marsigliante et al. 2002) , the calcium-dependent PKC inhibitor Gö 6976 and the calcium-dependent and -independent PKC inhibitor GF109203X were used (Martiny- Baron et al. 1993 , Qatsha et al. 1993 . In the absence of PKC inhibitors, the addition of ATP or UTP evoked an early peak rise in [Ca 2C ] i with maximal increases occurring at approximately 30 s, followed by a progressively decreasing level (over 6 min) to the initial, pre-stimulated level (Fig. 1A) . Pre-incubation of cells with both Gö 6976 and GF109203X (10 and 1000 nM for 15 min) had no effects on the early peak rise in [Ca 2C ] i , but changed the rate of decrement to the basal [Ca 2C ] i level significantly ( Fig. 1A  and B , using calcium-free buffers, which were previously passed through a Chelex 100 column. Subsequently, 2 mM Ca 2C was added to the medium to allow Ca 2C influx to occur. As shown in Fig. 1C and D, when PC Cl3 cells were stimulated with 100 mM UTP/ATP in Ca 2C -free medium, there was no significant difference in Ca 2C release from the intracellular stores, but large differences occurred in Ca 2C influx between cells incubated or not with PKC inhibitors. Precisely, the peak of extracellular Ca 2C entry in the presence of PKC inhibitors increased from 300G20 to 500G25 nM. , Suh et al. 1996 . Mn 2C uptake was estimated by the quenching of fura-2 fluorescence when excited at 360 nm, which is an isosbestic wavelength and is insensitive to variations in Ca 2C concentration. Ba 2C uptake was estimated by the increase in the fura-2 fluorescence ratio when excited at 340 and 380 nm. Figure 2A shows the fluorescence quenching by Mn 2C influx when cells were stimulated with 100 mM UTP/ATP. The presence or absence of PKC inhibitors Gö 6976 did not change the Mn 2C influx ( Fig. 2C and E ). This result was also supported by the Ba 2C uptake. To measure Ba 2C influx, cells were stimulated with UTP/ATP in the absence of external Ca
2C
. When the Ba 2C was added to the medium, it caused an increase in the fluorescence intensity reflecting Ba 2C uptake (Fig. 2B) . The influx of Ba 2C elicited by ATP and UTP was similar in the presence or absence of Gö 6976 ( Fig. 2D and F) . The same results were obtained with the use of GF109203X (data not shown). These results suggest that the UTP/ATP-activated PKCs modulate the activity of one or more Ca 2C transporters without interfering with the plasmalemma Ca 2C permeability. To study the involvement of a Na C /Ca 2C exchanger in the PKC-controlled [Ca 2C ] i changes, the effects of PKC inhibitors on the ATP/UTP-evoked Ca 2C changes were investigated using buffers made at 0 and 140 mM Na C . The replacement of extracellular Na C with choline significantly increased the resting levels of [Ca 2C ] i in fura-2-loaded cells (from 69$5G5$3 to 92G7 nM, Student's t-test, P!0$01, nZ4). The effects of ATP/UTP were significantly dependent on the Na C concentration, since in the absence of Na ] i ) after 4 min did not change ( Fig. 3A and B) . ] i level in both physiological and Na C -free buffers (Fig. 3A and B) , suggesting that Gö 6976 and GF109203X have no effects on the Na C /Ca 2C exchanger activity.
P2-purinergic agonists stimulate the activity of SERCA 2b via a PKC a and b1 activation
As shown above, the plasma membrane channels and the Na response, are actually involved in this regulation. As a first step, we studied if SERCA activity is UTP/ATP responsive. With this aim, we employed a very sensitive and reproducible method previously developed by the authors (Pacifico et al. 2003) . Furthermore, since thyroid and PC Cl3 cells express almost exclusively SERCA 2b (Pacifico et al. 2003) , the measured activity reflects that of this SERCA isoform.
PC Cl3 cells were left untreated or exposed for the indicated times to 100 mM UTP and Ca 2C -ATPase activity was measured. As shown in Fig. 4A , UTP stimulated SERCA 2b activity by about 50%. The increase was evident at 10 min (the shortest time investigated) and was sustained until 30 min (the longest time studied). As expected, very similar results were obtained with 100 mM ATP (Fig. 4B) , as both are ligands of the P2Y 2 receptors (Sak & Webb 2002) . ] i was studied. As shown in Fig. 6A and B, pre-incubation of PC Cl3 cells with 100 nM PMA for 10 min, followed by 100 mM ATP/UTP stimulation, markedly increased the rate of decrement to the basal [Ca 2C ] i level from 80G6 nM [Ca 2C ] i /min in the absence of PMA to 160G 22 nM [Ca 2C ] i /min in the presence of 100 nM PMA (nZ4). The Ca 2C release from the intracellular stores and the extracellular Ca 2C entry was assessed in PC Cl3 cells preincubated with 100 nM PMA. PC Cl3 cells were stimulated with UTP/ATP in the absence of extracellular Ca 2C and 2 mM Ca 2C was added to the medium subsequently. As shown in Fig. 6C and D, there was a significant decrease in extracellular Ca 2C entry in PMA-treated cells from 300G6 to 210G15 nM.
Since PMA has an opposite effect with respect to PKC inhibitors on the rate of decrement to the basal [Ca 2C ] i level following UTP/ATP stimulation, we verified if PMA, at the same concentrations used in the [Ca 2C ] i experiments, stimulated SERCA 2b activity. PC Cl3 cells were starved as described above and stimulated by 100 nM PMA for the indicated times. As shown in Fig. 7A , PMA caused a significant increase in the SERCA 2b activity at 10 and 30 min. Moreover, we intentionally extended the incubation time with PMA to 3 h, to try to show a biphasic effect of PMA, indicative of an early stimulation and a following downregulation of PKC activity, as reported in many systems (Cabot et al. 1989 , Thompson et al. 1997 , Hsu et al. 1998 , Komati et al. 2004 ) and also in differentiated thyroid cells in continuous culture (Gupta et al. 1995) . As shown in Fig. 7A , long treatments of PC Cl3 cells with 100 nM PMA reveal inhibition of SERCA 2b activity, strongly suggesting that 100 nM PMA provoked an early stimulation and a late downregulation of PKC. Furthermore, a low dose of PMA was stimulatory at all times investigated (Fig. 7B) .
These results further strengthened the SERCA 2b role in the [Ca 2C ] i -sustained phase following a P2-purinergic stimulation.
Discussion
Thyroid cells in primary (Raspe et al. 1991a,b) and continuous culture (Okajima et al. 1989) respond to P2-purinergic agonists through P2Y receptors. In the PC Cl3 cell line, P2Y 2 receptor stimulation activates PLC, which in turn, hydrolyzes phosphatidylinositol 4,5-bisphosphate to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (InsP3). InsP3 mobilizes Ca 2C from InsP3-sensitive intracellular stores, which is followed by a Ca 2C capacitative influx, while DAG activates PKCs (Marsigliante et al. 2002 , Elia et al. 2005 . Data showed here suggest that this signal transmission pathway has an internal regulatory loop that, through PKC and SERCA 2b, regulates the rate of decrement to the basal [Ca 2C ] i level. Precisely, the present results suggest a role for conventional PKCs in thyroid cells, i.e. the control of intracellular Ca 2C homeostasis after purinergic stimulation, based, at least in part, upon the increase in SERCA 2b activity, which may be of physiological importance. We base our conclusion on the following observations obtained after conventional PKC inhibition: first, the P2Y 2 -evoked plateau level in [Ca 2C ] i increased; second, no effects on the P2Y 2 -evoked entry of both manganese and barium in the cells was noticed; and third, the P2Y 2 -stimulated SERCA 2b activity decreased to the basal, unstimulated, level.
We show that an inhibition of PKCs decreased the rate of recovery to basal [Ca 2C ] i level following a Ca 2C peak evoked by P2Y 2 receptor activation. Hence, PKCs promote the recovery phase of the Ca 2C transient (Fig. 1) . As shown previously, P2Y 2 activation provoked in PC Cl3 cells a cytosol-to-membrane translocation of PKC-a, -bI and -3; of these, the novel PKC-3 does not seem to be involved in the modulation of Ca 2C transient shown here, since inhibition of Ca 2C -dependent or both Ca 2C -dependent and -independent PKCs gave similar results. Altogether, PKC-3 was shown to be implicated in the P2Y 2 activation of the mitogen-activated protein kinase (MAPK)/ERK pathway (Elia et al. 2005 ) were unaffected by Gö 6976 (Fig. 2) . As far as the Na C /Ca 2C exchange is concerned, it is evident that the Ca 2C response driven by UTP/ATP stimulation also resulted in the involvement of this antiporter, which appeared to be operative in control conditions (unstimulated cells). In fact, the replacement of extracellular Na C with choline significantly increased resting levels of ] i also increased (Fig. 3) . PKC has no effect on Na C /Ca 2C exchanger activity since Gö 6976 has the same effect on the sustained phase of the Ca 2C -transient elicited by ATP/UTP in both physiological and Na C -free buffers (Fig. 3) . On the other hand, we have shown that P2Y 2 agonists stimulate SERCAs activity and that Gö 6976 was able to completely prevent such activation (Figs 4 and 5) . Therefore, the same PKC isoforms, a and b1, were involved in the regulation of the plateau phase of the P2Y 2 -evoked Ca 2C transient and in the purinergic-stimulated SERCA activity. This strongly suggests that, indeed, SERCAs are involved, at least in part, in the regulation of the Ca 2C transient in thyroid cells. We have also shown that PMA increases the rate of recovery to basal [Ca 2C ] i level following a Ca 2C peak evoked by P2Y 2 receptor activation (Fig. 6) . At the same time, PMA stimulates SERCA 2b activity (Fig. 7A) . Therefore, PMA acts in an exactly opposite way with respect to Gö 6976. A biphasic effect of a high dose of PMA and an exclusive stimulatory effect of a low dose of PMA on SERCA activity was evident (Fig. 7A and B) . This suggests that the predominant effect of PMA, under our experimental conditions, is the stimulation of PKC, since it is well documented that low PMA doses correlate with PKC membrane translocation, while high doses correlate with PKC downregulation in a variety of systems (Cabot et al. 1989 , Thompson et al. 1997 , Hsu et al. 1998 , Komati et al. 2004 and also in thyroid cells in culture (Gupta et al. 1995) .
Obviously, Ca 2C is actively extruded out of the cell through PMCA, the involvement of which, in these phenomena, was not investigated at this stage.
These results also extend our previous findings on expression and regulation of SERCAs in thyroid cells. We have shown that thyroid expresses the 2b form of SERCAs exclusively and that, in thyroid, its expression and activity is regulated by neoplastic transformation (Pacifico et al. 2003) and thyroid-stimulating hormone through the cAMP-PKA pathway (Ulianich et al. 2004) . Here, it is shown that SERCA 2b activity is stimulated by P2-purinergic agonists through the PLC-PKC pathway. These results strengthen the concept that SERCA 2b, in highly differentiated cells, such as thyroid (Pacifico et al. 2003) or enamel cells (Franklin et al. 2001) , is regulated by various signal transduction pathways. This new standpoint extends our understanding of SERCA 2b function, considered until recently housekeeping at variance with that of SERCA 3 that varies with differentiation in several systems (Papp et al. 1993 , Gelebart et al. 2002 .
In the thyroid, the physiological effects of P2-purinergic receptors stimulation are remarkable. They stimulate H 2 O 2 production (Bjorkman & Ekholm 1992) and iodide efflux (Okajima et al. 1988) , two necessary events for Tg iodination. In addition, we have previously shown that P2-purinergic agonists also stimulate the secretion of Tg, which constitutes the molecular site of synthesis of thyroid hormones (Di Jeso et al. 1993) . Since Tg must be secreted in order to be iodinated, its secretion constitutes another crucial event for thyroid hormone production. Therefore, P2-purinergic stimulation of thyroid cells could be very important for hormonogenesis. Of the two branches of the signal transduction pathway elicited by P2-purinergic agonists, the PKC branch and the Ca 2C -response branch, the latter seems to be more important than the former for the stimulation of H 2 O 2 production and iodide efflux (Weiss et al. 1984 , Bjorkman & Ekholm 1988 . It is conceivable that the internal loop of the P2-purinergicsignalling cascade described here could have some effect in the regulation of these physiological responses. In fact, it is well known that the spatiotemporal aspects of Ca 2C signalling are as important as its amplitude (Berridge 1993) .
In addition, a Ca 2C response could have general effects on cells, such as regulation of proliferation and apoptosis (Berridge 2004) . Studies are in progress in our laboratories to understand if the Ca 2C response elicited by P2Y 2 receptorsignalling cascade and its regulation shown here, plays a role in crucial cellular responses, such as proliferation and apoptosis, particularly in PC Cl3 cells transformed by several oncogenes that are available in our laboratories. 
